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ABSTRACT 
1 $ The impulsive n a t u r e  o f  n o i s e  due t o  t h e  i n t e r a c t i o n  o f  a  r o t o r  b lade w i t h  
. . 
a t i p  v o r t e x  is  s tud ied .  The t i m e  s i g n a t u r e  of t h i s  n o i s e  i s  c a l c u l a t e d  theo- 
r e t i c a l l y  based on t h e  measured b lade  s u r f a c e  p ressure  f l u c t u a t i o n  of an opera- 
t i o n a l  load  survey r o t o r  i n  slow descending f l i g h t  and is compared w i t h  t h e  simul- 
taneous microphone measurement. P a r t i c u l a r l y ,  t h e  p h y s i c a l  understanding o f  t h e  
I c h a r a c t e r i s t i c  f e a t u r e s  of a  waveform i s  ex tens ive ly  s tud ied  i n  o rder  t o  under- 
s t a n d  t h e  genera t ing  mechanism and t o  i d e n t i f y  t h e  important parameters.  The 
in te rac t i a ra  t r a j e c t o r y  of a t i p  vor tex  on an  a c o u s t i c  planform i s  shown t o  be  a  
ve ry  important  parameter  f o r  t h e  impulsive shape of t h e  n o i s e .  The unsteady 
n a t u r e  of t h e  p r e s s u r e  d i s t r i b u t i o n  a t  t h e  very l ead ing  edge i s  a l s o  important  
t o  t h e  p u l s e  shape. The t h e o r e t i c a l  model us ing noncompact l i n e a r  a c o u s t i c s  
p r e d i c t s  t h e  genera l  shape of i n t e r a c t i o n  impulse p r e t t y  w e l l  except  f o r  peak 
amplitude which r e q u i r e s  more continuous p ressure  informat ion a long t h e  span a t  
t h e  l ead ing  edge. 
1. INTRODUCTION 
Hel icop te r  impulsive n o i s e  t h a t  is sometimes c a l l e d  "blade-slap" i s  t h e  
most annoying sound generated by a  h e l i c o p t e r .  The waveform of  t h i s  d i s t i n c t  and 
i n t e n s i v e  sound c o n s i s t s  of two d i s t i n c t  s i g n a t u r e s :  F i r s t ,  a  s e r i e s  o f  p o s i t i v e  
and nega t ive  a c o u s t i c  p ressure  sp ikes  due t o  blade-vortex i n t e r a c t i o n s ,  and second 
a  l a r g e  n e g a t i v e  a c o u s t i c  p r e s s u r e  peak due t o  compress ib i l i ty  a s  shown i n  Fig .  1. 
This  compress ib i l i ty  n o i s e ,  sometimes c a l l e d  high speed impulsive n o i s e ,  is  
c l o s e l y  connected t o  t h e  advancing t i p  Mach numbers, and r a d i a t e s  s t r o n g  a c o u s t i c  
energy i n t o  t h e  t ip-path  p lane  i n  t h e  forward d i r e c t i o n .  This  compress ib i l i ty  
j n o i s e  i s  determined n o t  only by t h e  boundary cond i t ions  on t h e  r o t o r  b lade sur-  
face b u t  a l s o  on t h e  per turbed flow f i e l d  around t h e  b lade ,  and t h e r e f o r e  i s  a  
combination o f  b lade  th ickness  and non l inear  e f f e c t s .  On t h e  o t h e r  hand, t h e  
h 
E f i r s t  type o f  waveform i s  caused by t h e  aerodynamic i n t e r a c t i o n s  between t h e  t i p  
v o r t i c e s  and a fol lowing blade.  This type of no i se  i s  c a l l e d  blade-vortex i n t e r -  1 
a c t i o n  no i se ,  and is  t h e  s u b j e c t  of t h i s  paper.  
I 
These i n t e r a c t i o n s  occur both on t h e  advancing and r e t r e a t i n g  s i d e s  of a 
r o t o r  d i s k  as shown i n  Fig. 2 ;  however, t h e  a c o u s t i c a l l y  important  i n t e r a c t i o n s  
a r e  i n  t h e  f i r s t  quadrant of t h e  d i s k ,  r a d i a t i n g  i n t e n s i v e  a c o u s t i c  energy f o r -  
ward and about  30' below t h e  r o t o r  t ip -pa th  plane.  Il!hese i n t e r a c t i o n s  r a p i d l y  
change the  l o c a l  flow f i e l d  around t h e  b lade ,  can cause  unsteady p r e s s u r e  f luc tua-  
t i o n s ,  p a r t i c u l a r l y  n e a r  t h e  b lade  leading-edge, and can genera te  shocks on t h e  
*NRC Research Associa te ,  on l e a v e  from Ishikawajima-Harima Heavy Indus t ry  
Co. L td . ,  Tokyo. 
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F igure  1. Example of b lade  s l a p  n o i s e  waveform (Ref. 7 ) .  
advancing s i d e  o r  s t a l l  i n  t h e  r e t r e a t i n g  s i d e .  The shock on t h e  advancing s i d e  
i s  a r e s u l t  of t h e  flow a c c e l e r a t i o n  generated by t h e  vo r t ex  below a  b l ade ,  where 
s tal ls  on t h e  r e t r e a t i n g  s i d e  a r e  caused by an increased  ang le  of a t t a c k  induced 
by t h e  vortex.  Among t h e s e  s e v e r a l  mechanisms, t h e  unsteady p re s su re  f l u c t u a t i o n  
on a blade was i d e n t i f i e d  by s e v e r a l  experiments t o  be t h e  most p o s s i b l e  cause of 
blade-vortex i n t e r a c t i o n  n o i s e  i n  a  r e a l  environment. 
Ote of t h e  most succes s fu l  t h e o r e t i c a l  models f o r  t h e  p r e d i c t i o n  of blade- 
vo r t ex  i n t e r a c t i o n  n o i s e  was developed by Widnall (Ref. l ) ,  who s i m p l i f i e d  the  
model a s  an i n f i n i t e  span b lade  encounter ing a  s t r a i g h t  vo r t ex  expressed by a  
v e r t i c a l  gus t ,  By applying t h i s  i n t e r a c t i o n  model t o  t he  t i p  po r t ion  of t h e  
4 b lade  the  a c o u s t i c  p re s su re  s i g n a l  w a s  ob ta ined  wi th  t h e  use of an  unsteady 
l i f t i n g - l i n e  theory  and a  l i n e a r  a c o u s t i c  theory wi th  a  compact squrce  assump- 4 t i o n .  A good agreement wi th  some model t e s t s  was demonstrated. I n  a  r e c e n t  paper , 
t h e  same model was used, and i t  was shown t h a t  t h e  t ip -vor tex  s t r u c t u r e  determined 
by t h e  s lope  of t h e  spanwise loading  d i s t r i b u t i o n ,  e s p e c i a l l y  a t  t h e  t i p ,  s t rong ly  
in f luences  t h e  blade-vortex i n t e r a c t i o n  noise .  The s imp l i f i ed  vo r t ex  model was 
u s e f u l  t o  o b t a i n  t h e s e  f ind ings  bu t  unfor tuna te ly  t h e  blade-vortex i n t e r a c t i o n  
n o i s e  depends c r i t i c a l l y  on vo r t ex  s t r u c t u r e ,  i n t e n s i t y  and t r a j e c t o r y .  There- 3 
f o r e ,  t h i s  v o r t e x  model i s  n o t  r e a l l y  adequate  f o r  t h e  p r e d i c t i o n  of  t h e  a c t u a l  
i n t e r a c t i o n  no i se  i n  t h e  r e a l  world. 
Some q u a l i t a t i v e  d iscuss ions  on t h e  r e l a t i o n s h i p  of  t h e  t i p -va r t ex  t r a j e c -  
t o r y  and t h e  i n t e r a c t i o n  n o i s e  was made by Lowson and Ollerhead (Ref. 3 ) .  They 
argued t h a t  t h e  i n t e r a c t i o n  i n  t h e  f i r s t  quadrant  of t h e  r o t o r  d i s k  i s  t h e  most 
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Figure  2.  Blade-vortex i n t e r a c t i o n s  on advancing s i d e  and on r e t r e a t i n g  s l d e .  
important  a r e a  f o r  t h e  blade-vortex i n t e r a c t i o n  no i se  e s p e c i a l l y  a t  high advanc- 
i n g  r a t i o  because t h e  angle  between t h e  b lade  span and t i p  vo r t ex  a x i s  i s  smal l ,  
and t h e r e f o r e  t he  convection Mach number of t h e  i n t e r a c t i n g  p o i n t  becomes g r e a t e r .  
I n  t h e  experimental f i e l d ,  many model r o t o r  tests is1 hover and i n  wind 
tunnels  have been conducted to 'de te rmine  the  r e l a t i o n  of  r o t o r  parameters and t h e  
a s soc i a t ed  measured no i se  l e v e l .  The f u l l - s c a l e  hovering r o t o r  tests j u s t  above 
t h e  ground and w h i r l  towers have a l s o  been t r i e d .  Some loud impulsive noise  was 
measured b u t  t h e  s i n i i l a r i t y  t o  t h e  r e a l  s i t u a t i o n  of blade-vortex i n t e r a c t i o n  was 
l e f t  a s  ques t ionable  because of Reynolds o r  Mach number s c a l i n g ,  w a l l  o r  ground 
r e f l e c t i o n ,  o r  wind shear  e f f e c t s .  
I n  r ecen t  y e a r s ,  much more use fu l  information and a  b e t t e r  understanding 
of blade-vortex i n t e r a c t i o n  no i se  has been obta ined  through some s i g n i f i c a n t  
experiments.  Tangler (Ref. 4)  has shown through t h e  use of Sch l i e r en  techniques 
t h a t  t he  acce l e ra t ed  flow beneath t h e  advancing b lade  can produce l o c a l  shock 
waves. The acce l e ra t ed  flow due t o  t h e  h o r i z o n t a l  v e l o c i t y  component of 1- o r  
1-1/2-revolution o l d  t i p  v o r t i c e s  combined wi th  t h e  b l ade  c i r c u l a t i o n  t h a t  pro- 
duced c r i t i c a l  v e l o c i t i e s .  H e  r e l a t e d  t h e  measured a c o u s t i . ~  impulse t o  t h e  shock 
propagat ion.  H i s  d i scovery  o f  p o s s i b l e  c o m p r e s s i b i l i t y , e f f e c t s  on t h e  i n t e r -  
a c t i o n  n o i s e  was r e a l l y  impress ive  a l though t h e  g e n e r a l i t y  of r e s u l t s  i n  t h e  
r e a l  environment: remained uncer ta in .  Another model test by Hoad (Ref. 5) has  
provided an  aerodynamic eva lua t ion  o f  b lade- t ip  shape conf igura t ion  on n o i s e  
reduc t ion .  He showed t h a t  t h e  swept-tapered t i p  b lade  was more e f f e c t i v e  i n  
reducing n o i s e  i n  t h e  f a r  f i e l d  than t h e  Ogee-tip o r  t h e  subwing-tip blade.  
The end-plate-t ip b lade  was more no i sy  than  t h e  r e f e r e n c e  square- t ip  blade.  
Source l o c a t i o n s  of blade-vortex i n t e r a c t i o n  n o i s e  were a l s o  es t imated  by tri- 
angula t ions  from measured a c o u s t i c  d a t a  a s  between 65" t o  90' azimuth and 
0.6 t o  1.0 r a d i i  from t h e  hub. 
Schmitz and Boxwell (Ref. 6) have s u c c e s s f u l l y  ob ta ined  high-qual i ty  n o i s e  
d a t a  by t h e i r  unique i n - f l i g h t  f a r - f i e l d  measurement technique i n  t h e  va r ious  
combinations of a i r s p e e d s  and r a t e s  of descent .  They i d e n t i f i e d  two d i s t i n c t  
f e a t u r e s  of p r e s s u r e  s i g n a l s  and corresponding genera t ing  mechanisms: a s e r i e s  
of p o s i t i v e  and nega t ive  p r e s s u r e  p u l s e s  and a l a r g e  nega t ive  p ressure  p u l s e  a s  
a blade-vortex i n t e r a c t i o n  e f f e c t  and a c.ompressibil i ty e f f e c t ,  r e s p e c t i v e l y .  
And t h e y  a l s o  argued t h a t  both mechanisms have d i f g e r e n t  a c o u s t i c  d i r e c t i v i t y  
p a t t e r n s :  t h e  blade-vortex i n t e r a c t i o n  n o i s e  r a d i a t e s  forward and below t h e  r o t o r  
p lane ,  whereas t h e  compressibil i t ,y n o i s e  r a d i a t e s  forward i n  t h e  plane of t h e  
r o t o r  d i s k  and s t reng thens  r a p i d l y  wi th  advancing t i p  Mach number. Throughout 
t h e  more i n t e n s i v e  work (Ref. 7) on blade-vortex i n t e r a c t i o n  impulsive n o i s e  they 
found t h a t  no d e f i n i t e  shocks were formed i n  descending f l i g h t ,  whereas t h e  very 
r a p i d  p ressure  recovery of t h e  in-plane n e g a t i v e  p r e s s u r e  p u l s e  d e f i n i t e l y  could 
be a t t r i b u t e d  t o  a shock-wave p ressure  recovery.  Here, it was shown t o  be  u s e f u l  
t o  s t r e t c h  a t i m e  h i s t o r y  o f  t h e  p r e s s u r e  impulses t o  i d e n t i f y  shock-wave 
r a d i a t i o n .  
Shockey et a l .  (Ref. 8) surveyed i n - f l i g h t  aerodynamic, s t r u c t u r a l ,  and 
a c o u s t i c  d a t a  s imul taneously  i n  a wide range o f  opera t ing  cond i t ions ,  and many 
q u a l i t a t i v e  r e l a t i o n s  of n o i s e  and aerodynamic even t s  were discussed.  These 
simultaneous measurements of t h e  a c o u s t i c  f i e l d  and b lade  surface-pressure  d i s t r i -  
b u t i o n  have provided a good opportuni ty  t o  develop and e v a l u a t e  a p r e d i c t i o n  
scheme f o r  b lade-vor tex i n t e r a c t i o n  no i se .  
I n  t h i s  paper,  t h e  impulsive blade-vortex i n t e r a c t i o n  n o i s e  is s t u d i e d .  
The emphasis has  been placed on t h e  p r e d i c t i o n  o f  impulsive c h a r a c t e r i s t i c s  of 
a c o u s t i c  waveform us ing  t h e  measured blade-surface  p ressures .  
2. EXPERIMENTAL PROCEDURE 
A j o i n t  U.S. Army/Bell He l icop te r  Textron f l i g h t - t e s t  program c a l l e d  t h e  
AH-1G Hel icopter  Operat ional  Load Survey (OLS) was conducted t o  ga in  t h e  d e t a i l e d  
knowledge of r o t o r  aero- and s t ructura l -dynamics  inc lud ing  r o t o r  a c o u s t i c s  i n  
forward f l i g h t  (Refs. 8 ,  9 ) .  The simultaneous measurements of r o t o r  n o i s e  and 
b lade  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n ,  p a r t i c u l a r l y  t h e  unsteady blade-pressure  
f l u c t u a t i o n s ,  provided t h e  b a s i s  of t h i s  s tudy  on t h e  impulsive n a t u r e  of blade- 
v o r t e x  i n t e r a c t i o n  no i se .  The f l i g h t  envelope f o r  t h e  a c o u s t i c  d a t a  covered a 
range of forward speed from 30 knots  t o  90 knots  and descent  rates from 0 t o  
1000 ft /m, and l e v e l  f l i g h t  a i r s p e e d s  up t o  165 knots .  Among a l l  t h e  combinations 
of descending f l i g h t  t h e  case  of 65 knots  and 200 f t /m descent  generated t h e  most 
i n t e n s i v e  blade-vqrtex i n t e r a c t i o n  no i se .  Under t h e s e  cond i t ions  t h e  t i p  vor tex  
may be n e a r l y  i n  t h e  plane of t h e  r o t o r  which would maximize blade-vortex i n t e r -  
a c t i o n  noise .  Therefore  t h i s  case  was s e l e c t e d  f o r  s tudy i n  t h i s  paper. 
Blade Ins t rumentat ion 
--
Mounted on t h e  upper and lower a i r f o i l  s u r f a c e s  were 110 K u l i t e  a b s o l u t e  
p r e s s u r e  t r ansducers  t o  measure s t a t i c - p r e s s u r e  d i s t r i b u t i o n .  Their  spanwise 
l o c a t i o n s  were 40, 60, 75, 86.4, and 95.5% r a d i i ,  and t h e i r  chordwise l o c a t i o n s  
were 1, 3, 8 ,  15 ,  20, 25, 35, 40, 45, 50, 55, 60, 70, and 92% of t h e  chord on 
b o t h  s u r f a c e s  a t  each spanwise s t a t i o n  as shown i n  Fig .  3. The p r e s s u r e  s i g n a l s  
were record, 3 by a 28-track t a p e  recorder  through r o t a t i n g  FM mul t ip lex  systems, 
s l i p  r i n g s ,  and s t a t i c  FM mul t ip lex  systems. The blade p ressure  measurement sys- 
t e m  has a frequency response o f  400 Hz; hence, even t s  occur r ing  w i t h i n  approxi- 
mately 5' of change i n  r o t o r  azimuth can b e  measured. 
BLADE PRESSURE SENSORS 
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Figure  3.  Simultaneous measurement of b lade  s u r f a c e  p r e s s u r e  and no i se .  
Acoustic Ins t rumentat ion 
F ive  B&K microphones wi th  wind sc reens  were mounted on t h e  a i r c r a f t  i n  a 
symmetrical p a t t e r n  a s  shown i n  Fig.  3. They were l o c a t e d  on t h e  nose boom, on 
t h e  l e f t  and r i g h t  wings, and a f t  on t h e  ends of t h e  e l e v a t o r .  The s i g n a l s  were 
condi t ioned by a mul t ichannel  audio a m p l i f i e r  and then  recorded on t h e  on-board 
FM t a p e  recorder  a t  a tape  speed of 30 i n . / s e c .  This s e t u p  provided a frequency 
response of DC t o  1 0  KHz w i t h  a s i g n a l  t o  n o i s e  r a t i o  o f  46 dB r m s .  
Three ground based microphones were l o c a t e d  500 f t  a p a r t  on a l i n e  perpen- 
d i c u l a r  t o  t h e  f l i g h t p a t h .  But t h e i r  d a t a  were n o t  used i n  t h i s  s tudy.  
Complete d e t a i l s  f o r  t h e  experimental  procedures and ins t rumenta t ion  a r e  
given i n  Refs . 8 and 9. 
i! 
a 3. DEVELOPMENT OF PRBDICTION METHOD 
Basic  Equation 
A s  s t a t e d  i n  t h e  i n t r o d u c t i o n  t h e  unsteady blade-surface-pressure f l u c t u a -  
t i o n s  seem t o  be  t h e  most p o s s i b l e  generat ing mechanism of t h e  blade-vortex i n t e r -  
a c t i o n  n o i s e  r a t h e r  than a vortex-induced shock on tbe advancing s i d e  o r  a vortex- 
induced s t a l l  on t h e  r e t r e a t i n g  s i d e .  Therefore,  i n  t h e  p resen t  p r e d i c t i o n  scheme 
t h e  quadrupole source  and che viscous  stress c o n t r i b u t i o n  i n  t h e  d i p o l e  source  a r e  
bo th  neg lec ted  from t h e  a c o u s t i c  source.tezms, l e a v i n g  t h e  b lade  th ickness  n o i s e  
t e r m  and t h e  blade-pressure-f luctuat ion t e r m ,  both  of which a r e  sometimes c a l l e d  
t h e  l i n e a r  source.  1, 
Then t h e  sound f i e l d  due t o  t h e  blade-vortex i n t e r a c t i o n  can be expressed 
t a s  t h e  fol lowing form: I 
+ p cos 0 p cos 8 
4rp1 ( x , t )  = &/[%]dZ + , [  ]dZ +/[ Id. 
where 
and s tandard  n o t a t i o n  i s  used. The f i r s t  term i n  t h e  right-hand s i d e  i s  due t o  a  
b lade  th ickness  e f f e c t ,  and t h e  second term i s  due t o  a  b lade-pressure  f l u c t u a t i o n  
e f f e c t  on t h e  f a r - f i e l d  whi le  t h e  t h i r d  term is  on t h e  near - f i e ld .  A d e t a i l e d  
d e s c r i p t i o n ,  which inc ludes  a  numerical  computation procedure,  i s  given i n  t h e  
Appendix. 
To p r e d i c t  t h e  blade-vortex i n t e r a c t i o n  n o i s e ,  one must know t h e  blade- 
surface-pressure  d i s t r i b u t i o n ,  Pb, dur ing t h e  i ~ t e r a c t i o n .  I n  t h e  p resen t  paper ,  
measured ins tan taneous  blade-pressure f l u c t u a t i o n s  dur ing t h e  s e l e c t e d  f l i g h t  con- 
d i t i o n  a r e  used t o  pu t  i n t o  t h e  d i p o l e  source  term. 
Measured Blade Pressure  
F igures  4 and 5  a r e  examples of measured p ressure - f luc tua t ion  s i g n a l  param- 
e t e r e d  by t h e  spanwise s t a t i o n  and by t h e  chordwise s t a t i o n ,  r e s p e c t i v e l y .  Two 
d i s t i n c t  i r ~ t e r a c t i o n s  a r e  observed a s  a  s t e e p  i n c r e a s i n g  s lope  of d i f f e r e n t i a l  
p ressure  on t h e  advancing s i d e .  A r i g i d  wake a n a l y s i s  sugges t s  t h a t  t h e  f i r s t  
one s t a r t i n g  about 55' azimuth a t  t h e  blade t i p  i s  an i n t e r a c t i o n  w i t h  t h e  
1-112-revolution o l d  t i p  vor tex ,  whereas t h e  second one s t a r t i n g  about 70' is  t h e  
t i n t e r a c t i o n  w i t h  t h e  1-revolut ion o l d  t i p  vor tex .  One s d d i t i o n a l  i n t e r a c t i o n  observed a t  t h e  inboard s t a t i o n s  cannot be expla ined by a  r i g i d  wake a n a l y s i s ;  
however, t h i s  phenomenon i s  q u i t e  repea tab le  through t h e  fol lowing r e v o l u t i o n s .  
It may have r e s u l t e d  from wake d i s t o r t i o n  due t o  mutual i n t e r a c t i o n s  of v o r t i c e s ,  
i n t e r a c t i o n  w i t h  fuse lage ,  o r  atmospheric turbulence.  On t h e  r e t r e a t i n g  s i d e  a 
b i g  i n t e r a c t i o n  wi th  t h e  1-revolut ion o l d  t i p  v o r t e x  i s  observed which s t a r t s  
from t h e  b l a d e  r o o t  and ends up a t  about 290' a t  t h e  t i p .  The azimuthal  ang le  
where t h e  b l a d e  s u r f a c e  experiences t h e  peak-pressure s h i f t s  w i t h  t h e  span loca- 
t i o n .  I n  o t h e r  words, t h e  blades  i n t e r a c t  wi th  t i p  v o r t i c e s  a t  some ob l ique  
a n g l e  and t h e  i n t e r a c t i o n  p o i n t  moves a long t h e  b lade  span wi th  t h e  b l a d e  ro ta -  
t i o n .  Those p r e s s u r e  f luct .uat ions  due t o  i n t e r a c t i o n s  a r e  s t r o n g  around t h e  
l e a d i n g  edge p o r t i o n  and t h e  o u t e r  r a d i u s ,  b u t  no t  much i n t e r a c t i o n  a c t i v i t y  is  
seen  beyond 20% of chord o r  wi th in  60% of span. 
V = 65 knots (p  = 0.147) RID = 200 fpm 
r 
= 0.147 RID = 200 fpm V = 65 knots 
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Figure  4. Example of b lade  s u r f a c e  F igure  5. Example of b lade  s u r f a c e  
p ressure  h i s t o r y  a t  d i f f e r e n t  span p r e s s u r e  h i s t o r y  a t  d i f f e r e n t  chord 
p o s i t i o n s  (Ref. 8). p o s i t i o n s  (Ref. 8) .  
Modeling t h e  Blade Pressure  His to ry  
It may be  i n s t r u c t i v e  t o  d e s c r i b e  o r i g i n a l  a t t empts  t o  p r e d i c t  t h e  i n t e r -  
a c t i o n  n o i s e  even though they have f a i l e d  t o  g ive  t h e  i n t e r a c t i o n  s p i k e  i n  t h e  
computed a c o u s t i c  waveform. The f i r s t  a t t empt  was t o  p u t  a l l  measured surface-  
p r e s s u r e  d a t a  i n t o  t h e  source  t e r m  by s p e c i f y i n g  t h e  mesh p o i n t s  o f  numerical  
c a l c u l a t i o n  t o  be e x a c t l y  t h e  same p o i n t  where t h e  p ressure  s e n s o r s  were loca ted .  
The r e s u l t i n g  a c o u s t i c  waveform was j u s t  l i k e  t h e  n o i s e  due t o  a  s t eady  loading 
because t h e  mesh was too  coarse  t o  r e f l e c t  t h e  i n t e r a c t i o n  e f f e c t .  
Then t h e  nex t  s t e p  was t o  use an  i n t e r p o l a t i o n  scheme along t h e  r o t o r  
b lade coord ina te  t o  provide a  f i n e r  mesh; however, i t  d i d  n o t  improve t h e  r e s u l t s .  
Figure  6 exp la ins  t h e  reason f o r  t h i s .  The s t r o n g  s o l i d  l i n e s  a r e  s imple  models 
of the  blade-pressure  f l u c t u a t i o n  a t  s e v e r a l  spanwise l o c a t i o n s  dur ing ' an  i n t e r -  
a c t i o n  wi th  t h e  t i p  v o r t i c e s .  The two broken l i n e s ,  which were ob ta ined  by pro- 
j e c t i n g  t h e  p o s i t i v e  and t h e  nega t ive  peaks of t h e  blade-pressure  f l u c t u a t i o n  onto  
t h e  r o t o r  d i sk ,  i n d i c a t e  t h e  d i r e c t i o n  of t h e  blade-vortex i n t e r a c t i o n  t r a j e c t o r y .  
The s t r o n g  a c o u s t i c  sources  due t o  blade-vortex i n t e r a c t i o n  a r e  confined between 
these  two broken l i n e s .  Because they have some skew ang le  t o  t h e  p o l a r  r a d i a l s ,  
t h e  i n t e r p o l a t i o n  along t h e  blade-coordinate system cannot fol low t h e  pressure-  
f l u c t u a t i o n  peaks a t  t h e  in te rmedia te  spar; p o s i t i o n s ;  consequently,  t h e  impulsive 
n a t u r e  of t h e  a c o u s t i c  waveform may be  smeared o u t .  Therefore,  t h e  i n t e r p o l a t i o n  
should be  executed along i n t e r a c t i o n  l i n e s ,  which r e q u i r e s  a  l o t  of d i f f i c u l t  
work. F i r s t  of a l l ,  i t  i s  very d i f f i c u l t  f o r  a  computer t o  s e a r c h  f o r  peak pres- 
s u r e s  and t h e i r  p o s i t i o n s  .from n o i s y  data .  Secondly, from t h e s e  p ressures  and 
t h e i r  p o s i t i o n s  a long t h e  i n t e r a c t i o n  l i n e ,  i t  i s  almost impossible  t o  c a r r y  o u t  
an i n t e r p o l a t i o n  r o u t i n e  f o r  each mesh p o i n t  on t h e  blade.  
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I n s t e a d  of performing t h e s e  l abor ious  c a l c u l a t i o n s  of i n t e r p o l a t i o n ,  mea-  
s u r e d  surface-pressure  h i s t o r i e s  a r e  modeled i n  an  a n a l y t i c a l  form a s  fol lows:  
S ince  t h e  s u r f a c e  p ressure  depends on t h e  b lade  coord ina tes  and azimuthal  
ang le ,  t h e  b lade  s u r f a c e  p ressqre ,  Pb, should be a f u n c t i o n  of t h e s e  t h r e e  
v a r i a b l e s .  
where 01 i s  a cbordwise coord ina te ,  q2 a spanwise coordinate ,  and $ an  
azimuthal angle .  A f t e r  a  model is  desc r ibed  i n  s impler  form and s p e c i a l  a t t e n -  
t i o n  given t o  t h e  i n t e r a c t i o n  t r a j e c t o r y ,  Pb can be w r i t t e n :  
where A1(nl) and A2(q2) are t h e  chordwise and t h e  spanwise d i s t r i b u t i o n  f u n c t i o n s ,  
r e s p e c t i v e l y ,  and t h e  azimuthal  d i s t r i b u t i o n  f u n c t i o n  f ($ )  is  def ined  t o  be  a 
f u n c t i o n  o f  an  ang le  from an  i n t e r a c t i o n  l i n e  qi(r12). F igure  7 shows t h e  mea-  
su red  r e s u l t s  of az imuthal  angles  f o r  p o s i t i v e  and n e g a t i v e  p r e s s u r e  peaks and t h e  
modeled i n t e r a c t i o n  l i n e s  on t h e  advancing s i d e .  It can be  seen t h a t  b l ~ d e - v o r t e x  
i n t e r a c t i o n  t r a j e c t o r i e s  are w e l l  modeled by l i n e a r  fun'ctions of spanwise posi -  
t i o n .  The discrepancy i n  t h e  i n n e r  r a d i u s  i s  n e g l i ~ i b l e  because t h e  source  
i n t e n s i t y  becomes weak i n  t h i s  a r e a .  The i n t e r a c t i o n  l i n e  model i n  Fig .  7 on 
YJ - 2 p l a n e  can be  mapped on t h e  p o l a r  coord ina te  system a s  shown i n  F ig .  8. 
The shape of t h e  azimuthal  d i s t r i b u t i o n  franction f  i s  def ined based on t h e  mea- 
su red  b lade  surface-pressure  h i s t o r y  at 95.5% span and 1% chord where t h e  source  
i n t e n s i t y  becomes s t rong .  As Fig.  9 shows, a f t e r  ob ta in ing  a d i f f e r e n t i a l  pres-  
s u r e  h i s t o r y ,  low frequency components are e l imina ted  t o  focus on ?he blade- 
v o r t e x  i n t e r a c t i o n  e f f e c t ,  g iv ing  t h e  azimuthal model func t ion ,  £($). This i s  a 
genera l  form of an  azimuthal p r e s s u r e  d i s t r i b u t i o n .  The amplitude w i l l  be d e t e r -  
mined depending on t h e  chordwise and spanwise d i s t r i b u t i o n  func t ions ,  A1(nl) and 
A2(q2) which a r e  a l s o  obta ined by averaging t h e  f l u c t u a t i n g  p o r t i o n  of measured 
d a t a  a s  shown i n  F igs .  1 0 ( a )  and 10(b) .  The phase o r  t h e  peak p o s i t i o n  w i l l  be  
given by t h e  i n t e r a c t i o n  Lines which have been descr ibed previously .  
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F igure  6. I n t e r p o l a t i o n  of measured b lade  p ressure .  
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Figure 9 .  Model ing o f  az imu tha l  pressure d i s t r i bu t ion .  
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Figure 10. Modeling of spanwise and chordwise pressure distribution. 
4. COMPARISON OF MEASURED AND COMPUTED ACOUSTIC WAVEFORM 
Figures 11 and 12 show the comparison of the measured and computed acoustic 
waveforms for the right wing microphone and nose boom microphone, respectively. 
The general waveform, including the impulsive shape, is well predicted in both 
observer positions; however, the peak amplitudes are underestimated and the pulse 
widths overestimated. These discrepancies can be seen more clearly by uxpanding 
the pulse portion as in Fig. 13. Two possible reasons for these are: the differ- 
ences in the frequency response characteristics of the data acquisition systems 
for the noise measurement and blade-pressure measurement (the noise measurement 
is 10 kHz and th, blade-pressure measurement is 400 Hz). k response of 400 Hz can 
only catch the events of every 5" in azimuth, but the measured acoustic impulse 
shows about 1 msec of pulse width during which the blade may rotate about 2'. 
This 1.ow capability in blade-pressure frequency response would result in an 
underestimation in amplitude and a widening of the pulse width. The time dif- 
ferentiation to calculate the far-field noise that gives the interaction pulses 
in the acoustic waveform, may enhance these errors. 
The second is the sparsity of measured pressure information along the 
blade span and also at the very leading edge. With only five pressure statsons 
along the blade it is difficult to follow the interaction lines on the rotor 
disk plane. And because the significant pressure fluctuation due to the blade- 
vortex interaction can be observed only in the first few percent of the blade 
chord (where the blade surface slope changes drastically) it is necessary to 
make high resolution measurement at &he leading edge. 
One thing to be noted in Fig.  1'3 is that the expanded measured acoustic 
impluse has a very symmetric shape, indicating no significant transonic shock 
effect; in other words, the linear acoustic theory may be good enough for the 
prediction of this acoustic impluse. 
I (NOSE BOOM MICROPHONE) 
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Figu re  11. Comparison of a c o u s t i c  F igure  1 2 .  Comparison o f  a c o u s t i c  
waveform between measurement and com- wa.veform between measureri~2nt and com- 
p u t a t i o n  ( r i g h t  wing microphone). p u t a t i o n  (nose boom microphone). 
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Figure  13. Comparison of expanded a c o u s t i c  impulse between measurement 
and computation (nose boom microphone). 
5. PHYSICAL EXPLANATION 
Waveform of  Blade-Vortex I n t e r a c t i o n  Noise 
The genera l  c h a r a c t e r i s t i c s  of t h e  a c o u s t i c  waveform due t o  blade-vortex 
i n t e r a c t i o n s  can b e  obta ined by a s imple  two-dimensional p h y s i c a l  model: a b lade  
element encounters a v e r t i c a l  gust .  When a b l a d e  is approacl'ling a v o r t e x  whose 
v e l o c i t y  d i s t r i b u t i o n  i s  given as i n  F ig .  1 4 ( a ) ,  t h e  b lade  exper iences  t h e  change 
c f  ang le  of a t t a c k  and then t h e  d i f f e r e n t i a l  p r e s s u r e  (Fig. 14(b) ) .  The a c o u s t i c  
source  i n t e n s i t y  I changes i n  t h e  same manner as t h e  d i f f e r e n t i a l  p r e s s u r e  f o r  
an  observer  l o c a t e d  beneath t h e  r o t o r  p l a n e  (Fig. 1 4  (c))  . 
The t ime d e r i v a t i v e  of t h e  source  i n t e n s i t y  gives  t h e  f a r - f i e l d  n o i s e  wave- 
form. F igure  14(d) shows a t y p i c a l  p o s i t i v e  s p i k e  o f  blade-vortex i n t e r a c t i o n  
n o i s e  r a d i a t i n g  beneath  t h e  r o t o r .  
This s imple  a n a l y s i s  sugges t s  t h e  fol lowing i n t e r e s t i n g  f a c t s :  1 )  The 
i n t e r a c t i o n  a c o u s t i c  impulse i s  generated a t  t h e  i n s t a n c e  cha t  t h e  v o r t e x  c o r e  
h i t s  t h e  b lade  l e a d i n g  edge. 23 The p u l s e  amplitude is p r o p o r t i o n a l  t o  t h e  tan- 
g e n t i a l  v e l o c i t y  g rad ien t  i n  t h e  core  o f  t h e  t i p  vor tex ,  whereas t h e  p u l s e  width  
i s  propor t iona l  t o  t h e  vortex-core diameter .  3) The s i g n  o f  p u l s e  depends on t h e  
r o t a t i o n a l  d i r e c t i o n  of t i p  vor tex  r e l a t i v e  t o  t h e  approaching b l a d e  and a l s o  on 
t h e  observer  p o s i t i o n  r e l a t i v e  t o  t h e  r o t o r  d i sk .  
Geometrical Re la t ion  Between t h e  I n t e r a c t i o n  Tra jec to ry  and t h e  Acoustic Planform 
The geometr ical  r e d a t i o n  between t h e  blade-vortex i n t e r a c t i o n  l i n e  and t h e  
a c o u s t i c  planform i s  a dominating f a c t o r  on t h e  blade-vortex i n t e r a c t i o r i  no i se .  
The broken l i n e  i n  Fig.  15 shows t h e  measured blade-vortex i n t e r a c t i o n  l i n e s  on 
t h e  r o t o r  d i sk ,  whereas t h e  s o l i d  l i n e s  i n d i c a t e  t h e  a c o u s t i c  l i n e s  which a r e  
TIP VORTEX 
OBSERVER 
I 
SYMMETRIC 
IMPULSE 
F igure  14. Formation of a c o u s t i c  impulse due t o  blade-vortex i n t e r a c t i o n .  
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Figure  15. Coincidence between a c o u s t i c  l i n e s  and blade-vortex i n t e r a c t i o n  l i n e s .  
obta ined by t r a c i n g  i n t e r a c t i o n  p o i n t s  of a  b l a d e  l ead ing  edge an6 a c o n t r a c t i n g  
a c o u s t i c  sphere  at  d i f f e r e n t  b u t  equa l ly  spaced observer  t imes.  The i n t e r a c t i o n  
l i n e s  a r e  ob ta ined  by connecting t h e  measured p ressure - f luc tua t ion  peak p o s i t i o n s  
dur ing t h e  blade-vortex i n t e r a c t i o n  which a r e  shown i n  Fig .  7 .  The hatched a r e a s  
correspond t o  t h e  i n t e r a c t i o n  w i t h  t h e  c o r e  region of t h e  t i p  v o r t e x  where t h e  
v e l o c i t y  g r a d i e n t  i s  s t e e p e s t  and t h z r e f o r e  t h e  a c o u s t i c  i n t s n s i t y  becomes maximum. 
To c a l c u l a t e  blade-vortex i n t e r a c t i o n  no i se ,  i t  is  necessary  t o  i n t e g r a t e  
t h e  a c o u s t i c  sources  d i s t r i b u ;  1 on the  a c o u s t i c  planform. When t h i s  i n t e r a c t i o n  
l i n e  becomes para]-lel  t o  t h e  a c c u s t i c  l i n e ,  t h e  i n t e g r a t i o n  of a c o u s t i c  sources  
may be performed "in-phase." This means t h a t  a l l  t h e  s t r o n g  sources  on t h e  i n t e r -  
a c t i o n  l i n e  w i l l  accumula.te t o g ~ t h e r  t o  r a d i a t e  toward t h e  observer  and make a  
b i g  a c o u s t i c  Ln te rac t ion  in~pulse .  
On t h e  o t h e r  hand, when t h e s e  l i n e s  make an  ob l ique  angle  t o  t h e  i n t e r a c t i o n  
l i n e  t h e  a c o u s t i c  sources  may b e  i n t e g r a t e d  out  of phase, i . e . ,  they sometimes sub- 
tract from each o t h e r ,  thus  reduce a c o u s t i c  impulse a t  t h e  observer p o s i t i o n .  
In  Fig .  15 ,  t h e  i n t e r a c t i o n  wi th  t h e  1-1/2-revolution o ld  t i p  v o r t e x  on t h e  
advancing s i d e  seems t o  be  coinciding b e t t e r  wi th  t h e  a c o u s t i c  l i n e s  than o t h e r  
i n t e r a c t i o n s  and causes t h e  most e f f e c t i v e  in-phase r a d i a t i o n  toward t h e  micro- 
phone. The second i n t z r a c t i o n  wi th  the  1-revolut ion o ld  t i p  v o r t e x  has  l e s s  
coincidence wi th  t h e  a c o u s t i c  l i n e s  and generates  a  smal l  sp ike .  The measured 
a c o u s t i c  waveform shows good coincidence wi th  t h e  above d i scuss ion  on t h e  source  
l o c a t i o n s  of t h e  main impulse o r  t h e  o c c a s i ~ n a ~ l y  observed small  impulse. The 
a c o u s t i c  impulse due t o  i q t e r a c t i o n s  on t h e  r e t r e a t i n g  s i d e  i s  h a r d l y  recognized 
i n  t h e  measurement and c a l c u l a t i o n ,  even though t h e  f l u c t u a t i n g  p r e s s u r e  amplitude 
i s  l a r g e r  than t h a t  on t h e  advancing s i d e .  This i s  because, a s  Fig .  1 5  shows, t h e  
i n t e r a c t i o n  l i n e s  do n o t  coi ,ncide at a l l  wi th  a c o u s t i c  l i n e s  s p e c i f j . c a l l y  a t  t h e  
t i p  region where t h e  s t r o n g e r  a c o u s t i c  sources a r e  d i s t r i b u t e d .  
% 32-13 
Trace  Mach Number* ;, . 
The concept of " t r a c e  Mach number" w i l l  b e  introduced h e r e  which he lps  $0 
understand t h e  blade-vortex i n t e r a c t i o n  noise .  This  i n t e r s e c t i o n  p o i n t  t r a c e s  
a long  the  t ip -vor tex  t r a j e c t o r y  wi th  t h e  b lade  r o t a t i o n ,  generaking t h e  i n t e r -  
a c t i o n  sound success ive ly  t o  every d i r e c t i o n .  The moving v e l o c i t y  of t h e  i n t e r -  
s e c t i o n  po in t  i s  named t h e  " t r a c e  Mach number MTR" which i s  given Ly t h e  follow- 
i n g  equat ion:  
I %R 
= RQ(x 3- 1-1 s i n ' $ ) / ( c  s i n  6) 
I where 0 i s  t h e  ang le  between t h e  l ead ing  edge and t h e  i n t e r a c t i o n  line, and s tandard  n o t a t i o n  i s  usea. A s  shown i n  F ig .  16  t h e  interaction ang le  B changes 
F i g u r e  16. Trace Mach number MTR of  blade-vortex i n t e r a c t i o n  and sound wave 
f r o n t .  
when the b lade  r o t a t e s  over  a curved t i p  vo r t ex  t r a j e c t o r y ,  and MTR could range 
from a  l o c a l  r o t a t f o n a l  Mach number M1 t o  i n f i n i t y  wi th  a  decrease  i n  t h e  i n t e r -  
a c t i o n  angle.  When MTR i s  equal  t o  o r  g r e s t e r  than un i ty ,  a l l  t h e  d is turbances  
due t o  the  i n t e r a c t i o n  can b e  accumulated t o  make.a v e r t i c a l  wave f r o n t  o r  a  Mach 
cone along t h e  i n t e r a c t i o n  l i n e .  Even i f  MTR i s  l e s s  than un i ty  t h e  s t e e p  wave 
f r o n t  could be generated somewhere because of t h e  curved i n t e r a c t i o n  l i n e .  It 
4 may appear a s  an  overlap o r  an  envelop of success ive  sound wave f r o n t s .  When t h e  4 d i r e c t i o n  cos ine  of MTR t o  t h e  observer ,  which can be c a l l e d  a s  a  " r e l a t i v e  
t r a c e  Mach number," i s  equal  t o  un i ty  a b i g  sound impulse may be  observed. The 
D 
ii 
r e l a t i v e  t r a c e  Mach number, M T R , ~ ,  i s  then  w r i t t e n  as 
*This concept was given by F. H. Schmitz i n i t i a l l y .  The s i m i l a r  i d e a  was 
found i n  t h e  l i t e r a t u r e  [3]  as "convection Mach number." 
3 where y i s  t h e  ang le  between t h e  u n i t  t a n g e n t i a l  vec tor  o f  t h e  t i p  v o r t e x  e 
-t 
and t h e  r a d i a t i o n  d i r e c t i o n  vec to r  r. 
CONCLUDING REMARKS 
Impulsive n o i s e  caused by blade-vortex i n t e r a c t i o n  was ca l cu la t ed  by a  
l i n e a r  noncompact a c o u s t i c  theory using measured b l ade  s u r f a c e  p re s su re  f luc tua-  
t i o n s  during low speed descending f l i g h t .  
This r e s u l t  was compared wi th  t h e  s imultaneously recorded n o i s e  s i g n a l .  
General agreement i nc lud ing  t h e  impulsive f e a t u r e  was obta ined  wi th  t h e  use  of an  
a n a l y t i c a l  b l ade  p re s su re  d i s t r i b u t i o n  model made from t h e  measured r e s u l t s .  How- 
ever ,  t h e  expanded a c o u s t i c  waveform showed an  underest imation i n  pu l se  amplitude 
and a n  overes t imat ion  i n  pu l se  width. These d iscrepancies  could be caused by the  
i n s u f f i c i e n t  frequency response of t h e  blade-pressure da ta -acquis i t ion  system and 
a l s o  i n s u f f i c i e n t  b lade  p re s su re  measurement l o c a t i o n s  t o  enable  accu ra t e  p l o t t i n g  
of t h e  blade-vortex i n t e r a c t i o n  p re s su re  peak. 
The v o r t e x  t r a j e c t o r y  i s  extremely important f o r  t he  i n t e r a c t i o n  no i se  
because i t s  geometr ica l  r e l a t i o n  t o  t h e  b lade  a c o u s t i c  planform doninates  t h e  
impulsive n a t u r e  of sound. I n  f a c t ,  i t  was shown t h a t  t he  observed a c o u s t i c  
i n~pu l se  was caused by t h e  t i p  vo r t ex  (probably t h e  1-1/2 r evo lu t ion  o ld )  p a r a l l e l  
to  t h e  a c o u s t i c  planform of t h e  b lade  leading  edge. I n  such condi t ion ,  a l l  t he  
a c o u s t i c  sources along t h e  vo r t ex  t r a j e c t o r y  a r e  added toge the r  "in-phase" t o  
produce a l a r g e  a c o u s t i c  impulse a t  t h e  observer  l oca t ion .  This  mechanism was 
shown a s  an over lap  o r  an  envelope of  wavefronts from the  a c o u s t i c  source  ~noving 
a t  " the  t r a c e  Mach number," which was defined a s  t h e  speed of  motion of  t he  blade- 
vo r t ex  i n t e r a c t i o n  p o i n t .  
The b a s i c  shape of  t he  impulsive a c o u s t i c  waveform, such a s  s i g n ,  ampli- 
tude, and width of pu l se ,  was a l s o  explained i n  r e l a t i o n  t o  t h e  vo r t ex  s t r u c t u r e  
by a  s imple two-dimensional i n t e r a c t i o n  model. 
APPENDIX 
Noncom~act Linear  Acoust ic  Theorv 
The a n a l y s i s  begins  w i th  t h e  well-known Ffowcs W i l l i a m s  and Hawkings 
formulat ion (Ref. l o ) ,  i n  which t h e  sound rac?iated by su r f aces  i n  motion i s  
expressed a s  t h e  i n t e g r a l  equat ion:  
where 
and s tandard n o t a t i o n  is  assumed. 
The right-hand s i d e  of t h e  equat ion shows t h e  r e s p e c t i v e  con t r ibu t ion  t o  
t h e  r a d i a t e d  sound f i e l d  c l a s s i f i e d  a c o u s t i c a l l y  a s  monopole, d ipo le ,  and quad- 
rupo le  noises .  Phys ica l ly  speaking they a r e  generated by t h e  e f f e c t s  of t h e  blade 
th ickness ,  t h e  viscous stress and p ressure  d i s t r i b u t i o n  on t h e  b lade ,  and t h e  non- 
l i n e a r  flow f i e l d s  such a s  turbulence o r  t r a n s o n i c  per turbed flow with  l o c a l  shock 
waves around t h e  blade,  r espec t ive ly .  I n  t h e  present  c a l c u l a t i o n  of blade-vortex 
i n t e r a c t i o n  no i se  t h e  l a s t  term and t h e  viscous  s t r e s s  c o n t r i b u t i o n  i n  t h e  second 
term a r e  both neglected.  Therefore,  t h e  blade th ickness  e f f e c t  and t h e  blade- 
surface-pressure  f l u c t u a t i o n  e f f e c t ,  both  of which a r e  o f t e n  c a l l e d  t h e  l i n e a r  
source ,  a r e  l e f t  a s  t h e  a c o u s t i c  source  terms i n  t h e  right-hand s i d e  of equa- 
t i o n  (Al). 
By rep lac ing  Pijnj i n  t h e  second term with  Pb cos 8 ,  where Pb i s  
the  b lade  s u r f a c e  p ressure  a d  9 i s  t h e  angle  between t h e  r a d i a t i o n  d i r e c t i o n  
(observer d i r e c t i o n )  and outward normal t o  t h e  blade s u r f a c e ,  equation (Al) 
becomes : 
1 a p cos 0 p cos 0 
I T P ~ ( X , ~ )  = aJ[%] a t  +;_J[-b rA ] dz -tj[+A-] d i  (A21 
i n  which t h e  s p a t i a l  d i f f e r e n t i a t i o n  i s  converted t o  a t ime d i f f e r e n t i a t i o n  and 
the  i n t e g r a l  coordinate  system is  changed us ing t h e  following r e l a t i o n :  
A = ( 1  + ~~2 -. 2M cos 01112 
n 
(A4 ) 
where S denotes a b lade s u r f a c e  a t  a given t i m e  whereas C means a b lade sur-  
f a c e  a t  a r e ta rded  time. I n  any case ,  t h e  s u r f a c e  i n t e g r a t i o n  on t h e  blades  means 
t h e  noncompact treatment of a c o u s t i c  sources .  The second term i n  equat ion (A2) i s  
t h e  blade-surface-pressure f l u c t u a t i o n  c o n t r i b u t i o n  t o  t h e  f a r - f i e l d  r a d i a t i o n ,  
whereas the  t h i r d  term is near  f i e l d .  
Computational Scheme Using Acoustic Planform 
The a c t u a l  computation was executed i n  t h e  fol lowing manner. F i r s t ,  t h e  
source  time T i s  c a l c u l a t e d  f o r  a s p e c i f i e d  observer t ime t and blade coordi- 
n a t e s  (ql ,n2) t o  s o l v e  t h e  re ta rded  t ime equat ion wi th  an  i t e r a t i v e  method. Then 
t h e  azimuthal ang le  $ at  t h e  re ta rded  time w i l l  be  computed. Now t h e  b lade  sur-  
f a c e  p ressure  d a t a  can be quoted by t h e  s p e c i f i e d  s e t  of parameter (q1,n2,$) t o  
give a n  a c o u s t i c  source  i n t e n s i t y  pb cos 0/rA. These azimuthal ang le  c a l c u l a t i o n s  
of t h e  b lade  l ead ing  edge and t h e  t r a i l i n g  edge provides t h e  a c o u s t i c  planforms of 
the  r o t a t i n g  b lades .  These a r e  t h e  b lade  s u r f a c e s  a t  a r e t a rded  t i m e .  F igure  A 1  
shows t h e  formation process  of t h e  acous t i c  planform surrounded by t h e  s o l i d  l i n e s .  
They a r e  formed by t h e  i n t e r s e c t i o n  s u r f a c e  of t h e  r o t a t i n g  b l ades  and t h e  a c o u s t i c  
sphere con t r ac t ing  toward t h e  observer  a t  t h e  speed of sound. A d i f f e r e n t  observer  
t i m e  g ives  a d i f f e r e n t  a c o u s t i c  planform as shown by a broken l i n e  i n  F ig .  A l .  A l l  
the  sound emi t ted  from t h e  same acous t i c  planform can be observed a t  t h e  same time. 
Af t e r  ob ta in ing  t h e  source- in tens i ty  d i s t r i b u t i o n  over t h e  b l ade  su r f aces  a t  a 
r e t a rded  time, a numerical i n t e g r a t i o n  can be performed t o  g e t  t h e  r e s u l t a n t  
a c o u s t i c  p re s su re  f o r  t h e  g iven  observer t ime and pos i t i on .  By r epea t ing  t h i s  
procedure f o r  success ive  observer  t imes during one b l ade  pass ing  pe r iod ,  t h e  
a c o u s t i c  time s i g n a l  w i l l  be  obtained.  It can be s a i d  t h a t  t h e  nea r - f i e ld  n o i s e  
is  p ropor t iona l  t o  t h e  above i n t e g r a t e d  va lues ,  whereas t h e  f a r - f i e l d  no i se  i s  
I 
I g iven by i ts  time de r iva t ives .  F igure  A2 shows t h e  flow c h a r t  o f  t h e s e  procedures.  
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F igure  A l .  Formation of a c o u s t i c  planform. 
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Figure A2.  Predict ion scheme o f  blade-vortex interaction n o i s e . .  
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